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Abstract
The 2019 coronavirus disease (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 
brought an enormous public health burden to the global society. The duration of the epidemic, the number of infected people, 
and the widespread of the epidemic are extremely rare in modern society. In the initial stage of infection, people generally 
show fever, cough, and dyspnea, which can lead to pneumonia, acute respiratory syndrome, kidney failure, and even death 
in severe cases. The strong infectivity and pathogenicity of SARS-CoV-2 make it more urgent to find an effective treatment. 
Mesenchymal stem cells (MSCs) are a kind of pluripotent stem cells with the potential for self-renewal and multi-directional 
differentiation. They are widely used in clinical experiments because of their low immunogenicity and immunomodulatory 
function. Mesenchymal stem cell–derived exosomes (MSC-Exo) can play a physiological role similar to that of stem cells. 
Since the COVID-19 pandemic, a series of clinical trials based on MSC therapy have been carried out. The results show that 
MSCs are safe and can significantly improve patients’ respiratory function and prognosis of COVID-19. Here, the effects 
of MSCs and MSC-Exo in the treatment of COVID-19 are reviewed, and the clinical challenges that may be faced in the 
future are clarified.
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Introduction

Since COVID-19 was discovered in December 2019 (Hu 
et al. 2021a; Huang et al. 2020; Hui et al. 2020), up to 
March 10, 2023, the data released on the official website 
of the World Health Organization show that the COVID-19 
epidemic has involved more than 200 countries around the 
world, and the cumulative confirmed cases are more than 
690 million, the cumulative deaths are more than 7.6 mil-
lion (Organization 2023), and the case fatality rate is about 
0.9%. The epidemic of COVID-19 has lasted for a long time 
and spread widely, and the number of people diagnosed is 

unprecedented. The ongoing outbreak of COVID-19 has 
caused widespread concern.

COVID-19 can cause pathological changes in the lung 
parenchyma and interstitium (Xu et al. 2020b), and chest 
CT shows patchy ground glass–like shadows, solid shadows, 
traction bronchiectasis, and bronchial vascular bundle thick-
ening (Shi et al. 2021a; Yang et al. 2020). In patients with 
severe COVID-19, SARS-CoV-2 is mainly distributed in the 
respiratory tract, including the lungs, and increased infiltra-
tion of immune cells (neutrophils, monocytes/macrophages, 
natural killer (NK), CD4 + T, CD8 + T, Th17, B cells) and 
followed by cytokine storms (including interferon-α (IFN-
α), IL-1, IL-6, and tumor necrosis factor-α (TNF-α)). Hya-
line membrane formation, the release of cellular fibromyxoid 
exudates, and pneumocyte desquamation are also observed 
(Shi et al. 2021b).

There is no specific treatment for COVID-19, and most 
treatment options use symptomatic supportive therapy, 
including antiviral therapy (Holshue et al. 2020; Wang 
et  al. 2020b; Zhu et  al. 2020), glucocorticoid therapy 
(Stern et al. 2017), convalescent plasma therapy (Dha-
wan et  al. 2022; Zimmerli et  al. 2021), IL-6 receptor 
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inhibitor therapy (Xu et al. 2020a), oxygen therapy (Teng 
et al. 2021), anticoagulation (Shi et al. 2020), and tradi-
tional Chinese medicine treatment (Ni et al. 2021), but 
the prognosis is poor, and some COVID-19 patients still 
have sequelae after cure (Fonseca et al. 2021; Huang et al. 
2021a, b), for example, interstitial lung disease, decreased 
tolerance to cardiopulmonary exercise, easy to feel 
fatigued, loss of smell and taste, sleep disorders, anxiety, 
or depression. To address the urgent need for effective and 
safe treatments to alleviate the physical damage caused by 
COVID-19 to patients, drug development for COVID-19 
is in full swing, multiple vaccines have been marketed, 
and many clinical drugs have shown some efficacy, MSCs 
are one of them.

MSCs are pluripotent stem cells found in a variety of tis-
sues, including bone marrow, umbilical cord, fat, and dental 
pulp (Bernardo et al. 2009). It is safely available without 
major ethical issues. MSCs also have powerful tissue repair, 
anti-inflammatory, and immunomodulatory functions (Jiang 
and Xu 2020), so MSCs are considered an effective and safe 
source of stem cell therapy and are clinically mainly used 
for autoimmune diseases (Heidari et al. 2018), repair of 
damaged tissues (Liu et al. 2021), and drug therapy vectors 
(Litvinova et al. 2022). MSC-Exo is an exosome secreted 
by MSCs, typically between 40 and 150 nm in diameter, 
and contains substances such as proteins, mRNA, miRNA, 
and lncRNA (Jayaramayya et al. 2020). MSC-Exo also has 
a certain regulatory function, and as a non-cellular biologi-
cally active substance, it has gradually attracted widespread 
attention. In the early stage of the SARS-CoV-2 pandemic, 
it was found in phase I clinical trial using MSCs for the 
treatment of COVID-19 that C-reactive protein (CRP) and 
IL-6 levels in the serum of patients with severe COVID-19 
in the umbilical cord–derived MSC (UC-MSC) treatment 
group were significantly reduced on the third day after UC-
MSC infusion compared with the control group. In addition, 
the time for the lymphocyte count to return to normal was 
significantly accelerated, and the absorption time of inflam-
matory lesions in the lungs was significantly shortened. No 
serious adverse events associated with UC-MSC transfusion 
were observed (ChiCTR2000031494) (Shu et al. 2020). In 
most patients with severe COVID-19, arterial partial pres-
sure of oxygen-to-percentage inhaled oxygen  (PaO2/FiO2) 
ratio improved after treatment with UC-MSCs, and chest CT 
scan images show that lung lesions are well controlled after 
infusion of UC-MSCs (NCT04252118) (Meng et al. 2020). 
This demonstrates the safety and efficacy of intravenous 
infusion of UC-MSCs in the treatment of severe COVID-
19, so MSCs can be considered one of the treatment options 
for patients with severe COVID-19.

The objective of this review is to summarize clinical stud-
ies of MSCs in the treatment of COVID-19 as of 2023, elu-
cidate the therapeutic effects of MSCs on COVID-19, and 

discuss the prospects and challenges of MSC-based treat-
ment of COVID-19.

SARS‑CoV‑2 and its route of infection

Features of SARS‑CoV‑2

SARS-CoV-2 is an RNA virus with high variability that 
belongs to the coronavirus family, beta coronavirus genus, 
and severe acute respiratory syndrome–related coronavirus 
species (Coronaviridae Study Group of the International 
Committee on Taxonomy of Viruses 2020). CoV-2 has an 
envelope (DiMaio et al. 2020); is round or oval, granular, 
with a diameter of about 60–140 nm; has strong infectious 
power; can spread from person to person (Chan et al. 2020); 
and can reach the respiratory tract through droplets and air 
and survive (Sungnak et al. 2020). According to studies, 
virus particles can survive for a long time on air and on 
surfaces, and viruses can remain infectious for up to 2 h to 
9 days on surfaces composed of different materials (Kampf 
et al. 2020). SARS-CoV-2 is sensitive to medical alcohol, 
chlorine-containing disinfectants, ultraviolet light, and high 
heat. At 56 °C, the virus can be killed in 30 min, and in 
an environment of 92 °C, the virus can reach a completely 
inactivated state in 15 min (Pastorino et al. 2020).

SARS‑CoV‑2 infection pathway

The main sources of infection for SARS-CoV-2 are asymp-
tomatic virus carriers and people with COVID-19. The main 
modes of transmission are droplet transmission and contact 
transmission (Cheng et al. 2020; Lai et al. 2020). There is 
also the possibility of airborne transmission through aerosol 
forms, especially in tightly confined spaces where the risk 
of aerosol transmission is greater.

SARS-CoV-2 surface glycosylated spike protein binds 
to host angiotensin-converting enzyme 2 (ACE2) to medi-
ate virus entry into cells (Yan et al. 2020). When the spike 
protein of SARS-CoV-2 binds to the ACE2 receptor, type 
2 transmembrane serine protease (TMPRSS2) located on 
the host cell membrane promotes virus entry into the cell 
by activating the spike protein (Bestle et al. 2020; Hoff-
mann et al. 2020). Due to the high expression of ACE2 and 
TMPRSS2 in alveolar type II cells, the lungs are severely 
affected by viruses (Devaux et al. 2020).

Clinical manifestations of SARS‑CoV‑2

COVID-19 is a serious disease caused by SARS-CoV-2, 
and the virus can lurk in infected people for about 14 days, 
but most patients develop symptoms within 3 to 7 days (Li 
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et al. 2020)—initially presents with fatigue, fever, myalgia, 
and dry cough (Chen et al. 2020b; Wang et al. 2020a) and, 
less commonly, diarrhea, nausea, headache, vomiting, loss 
of smell, loss of taste, and sore throat (Giacomelli et al. 
2020; Guan et al. 2020). Breathing difficulties occur as the 
condition worsens, and severe patients present with respira-
tory distress syndrome (ARDS), sepsis shock, difficult-to-
correct metabolic acidosis, coagulation dysfunction, lung, 
and multi-organ damage, and even death (Chen et al. 2020c).

Imaging examination found that patients had multiple 
localized ground glass shadows under the pleura of both 
lungs in the early stages, rapid progression of advanced 
lesions, and multiple ground glass shadows in both lungs 
with consolidation (Yang et al. 2020), and some patients 
could have fibrous strip shadows, and in severe lesions, 
“white lung” manifestations were present.

COVID‑19 sequelae

Studies have found that the sequelae of COVID-19 are 
mostly manifested as fatigue, dyspnea, difficulty sleeping, 
chest pain, diabetes, brain atrophy, male dysfunction, dry 
eye, cardiovascular disease, loss of smell, taste, and mental 
illness (Carfi et al. 2020; de Melo et al. 2021; Douaud et al. 
2022; Kresch et al. 2021; Li et al. 2022; Wan et al. 2022; Xie 
and Al-Aly 2022; Xie et al. 2022).

An article published in The Lancet said that 1276 
COVID-19 survivors were followed for 12 months and found 
that they had sequelae after being cured and discharged from 
the hospital, such as pulmonary diffusion dysfunction and 
radiological abnormalities that persisted for 12 months. 
Particularly in patients who were critically ill during hospi-
talization, health status remained lower than in the control 
population after 12 months (Huang et al. 2021b). Xie et al. 
analyzed data from 181,280 COVID-19 patients and found 
that SARS-CoV-2 infection increased the risk of develop-
ing diabetes by 40% compared to healthy controls and that 
Black people over the age of 65, with cardiovascular dis-
ease, and those with prediabetes with a BMI of > 25 were 
at greater risk of developing diabetes and taking hypogly-
cemic drugs (Xie and Al-Aly 2022). Douaud et al. selected 
785 subjects from the UK Biobank and compared the brain 
images of these participants. They found that SARS-CoV-2 
causes brain volume to shrink, and the shrunken brain tis-
sue is related to cognitive function, olfactory function, etc., 
which can lead to the executive ability and cognitive decline  
of infected people. In addition, they also found that the older 
the infected person, the more severe the disease, and the 
more obvious the brain tissue damage (Douaud et al. 2022). 
Kresch et al. found that after infection with SARS-CoV-2, 
the virus is present in the penis of male patients and that 
extensive endothelial cell disorders caused by viral infections 

can lead to erectile dysfunction (Kresch et al. 2021). Li et al. 
found in hamster models of SARS-CoV-2 infection that the 
virus may cause acute testicular injury, chronic asymmet-
ric testicular atrophy, and associated hormonal changes and 
proposed that vaccination could prevent this complication 
(Li et al. 2022). Wan et al. found that one in five people 
who have recovered from COVID-19 experience at least one 
symptom associated with dry eyes, such as blurred vision, 
itchy eyes, pain, or burning sensations. In addition, studies 
have found that the more severe a patient’s condition, the 
higher the risk of developing dry eye (Wan et al. 2022). In 
a large study involving 153,760 patients with COVID-19, 
researchers analyzed the risk of cardiovascular disease in 
patients 12 months after SARS-CoV-2 infection and found 
that infection with the virus increased the long-term risk 
of a variety of cardiovascular diseases, including cerebro-
vascular disease, arrhythmias, ischemic and non-ischemic 
heart disease, pericarditis, myocarditis, heart failure, and 
thromboembolic disease (Xie et al. 2022). In a study that 
analyzed the effects of SARS-CoV-2 on the human olfactory 
system, researchers detected persistent SARS-CoV-2 virus 
particles in the olfactory mucosa of COVID-19 patients with 
persistent olfactory loss, indicating that long-term recurrent 
olfactory loss in COVID-19 patients may be caused by per-
sistent viral infection (de Melo et al. 2021).

Molecular mechanisms by which SARS‑CoV‑2 
triggers lung injury

Histological examination by Xu et al. has determined that 
people who die of COVID-19 have a bilateral diffuse alveo-
lar injury, signs of respiratory inflammation, microvascular 
complications, and pulmonary fibrosis (Carsana et al. 2020; 
Xu et al. 2020b). For effective targeted treatment, compre-
hensive cellular and molecular levels of lung pathology in 
patients with COVID-19 are required.

Wang et al. synthesized transcriptomics, proteomics, and 
histopathology techniques to construct a complete multi-
omics and mononuclear transcriptomics atlas of lung tis-
sue in patients with COVID-19 and found that ACE2 and 
TMPRSS2 were mainly expressed in epithelial cells, such 
as type I and type II alveolar epithelial cells (AT1 and AT2, 
respectively), which are also the main target cell types of 
SARS-CoV-2 (Wang et al. 2021). It was found that the 
binding of SARS-CoV-2 to ACE2 can mediate the down-
regulation of ACE2 expression in the lungs, resulting in  
the accumulation of angiotensin II (Ang II) (Kai and Kai  
2020; Kuba et al. 2005). Excessive Ang II activates the Fas/
FasL system to induce apoptosis of lung cells, prompting 
impaired lung epithelial barrier function (Wang et al. 1999).  
An increase in M1 macrophages in the alveoli can worsen 
diffuse alveolar damage by releasing a large number of 
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pro-inflammatory cytokines. The study also found that the 
activation of HIF-1A and the expression silencing of FOXO3 
may promote the transition from fibroblasts to myofibro-
blasts in the lungs, thereby mediating the occurrence of pul-
monary fibrosis (Wang et al. 2021).

Existing strategies for treating COVID‑19

The existing treatments and drugs for COVID-19, depending 
on the object of action, can be divided into two categories: 
one acting on the human immune system or cells and the 
other acting on the coronavirus.

At present, the treatment methods for COVID-19 are 
mainly treatment based on MSCs, general treatment, antivi-
ral therapy, immunotherapy, anticoagulation therapy, tradi-
tional Chinese medicine treatment, etc., but there is no effec-
tive antiviral treatment for COVID-19. Clinical treatment is 
mostly based on the experience of fighting SARS, and the 
use of integrated traditional Chinese and Western medicine 
for symptomatic supportive treatment and comprehensive 
intervention is still the main treatment for severe COVID-
19 patients.

Existing drugs in antiviral therapy do not kill the virus 
directly but inhibit the replication and spread of the virus 
in the human body. For example, lopinavir interferes with 
viral synthesis, and remdesivir prevents viral RNA replica-
tion (Choy et al. 2020; Uzunova et al. 2020). Glucocorti-
coids are used in immunomodulatory therapy to reduce the 
over-stressed immune response and regulate the unbalanced 
immune system, thus slowing down the progression of the 
disease and saving the lives of patients.

Treatment based on MSCs

MSCs play a supportive role in the treatment of critically ill 
patients and are nonspecific therapies. It does not directly 
destroy the virus but helps relieve inflammation, improve 
lung function, and improve survival rates in severely ill 
patients. Compared with other treatment options, MSCs, in 
addition to exerting the body’s immunomodulatory effect 
to suppress inflammation and viral infections, also have tis-
sue repair functions, helping the recovery of damaged tis-
sues and organs. So the mechanism by which MSCs treat 
patients with COVID-19 may be due to immunomodulatory 
and supportive repair effects (Harrell et al. 2019; Sadeghi 
et al. 2020; Zhu et al. 2021).

General treatment

Bed rest is usually given to the patient, supportive care is 
intensified, adequate energy and water intake are ensured, 
and effective oxygen therapy is given promptly, including 

mask oxygen and nasal high-flow oxygen therapy. Antimi-
crobial therapy may be used if necessary, but a combination 
of broad-spectrum antimicrobials should be avoided.

Antiviral therapy

At present, there are no highly targeted antiviral drugs, 
clinically trying “old drugs and new uses.” We reviewed 
the “Diagnosis and Treatment Plan for Novel Coronavirus 
Pneumonia” (1–8 editions) published on the official web-
site of the National Health Commission of China. Lopina-
vir/ritonavir (LPV/r) was found to be consistently recom-
mended as an anti-SARS-CoV-2 drug in versions 3–8. They 
also recommend LPV/r in combination with ribavirin. One 
study showed that after treatment with LPV/r, patients had a 
reduced viral load and reduced clinical symptoms (Lim et al. 
2020). Antiviral therapy rebuilds the immune function of 
the host and is recommended early in the patient’s course to 
prevent a transition to a high-risk condition of severe illness.

Immunomodulatory therapy

Immunomodulatory therapy strategies may potentially halt 
disease progression and save patients with COVID-19, espe-
cially in critical cases. There are many immunotherapies for 
COVID-19, including glucocorticoid therapy, convalescent 
plasma therapy, and IL-6 receptor inhibitor therapy.

Glucocorticoid therapy

The use of glucocorticoids in the treatment of COVID-19 
is controversial, with some researchers not recommending 
the use of glucocorticoids in the treatment of patients with 
COVID-19 (Russell et al. 2020), while others recommend 
the use of glucocorticoids as appropriate (Shang et al. 2020). 
The WHO guidelines for COVID-19 recommend that sys-
temic corticosteroids should not be routinely given outside 
clinical trials for viral pneumonia or acute respiratory dis-
tress syndrome except for specific reasons, as high-dose glu-
cocorticoids can delay coronavirus clearance due to immu-
nosuppressive effects. Studies have shown that the early 
use of small doses of short-course glucocorticoids in some 
patients with “ordinary COVID-19” (with fever, respira-
tory symptoms, etc., imaging can show pneumonia) has the 
potential to rapidly inhibit the inflammatory response and 
block its transition to severe/critical illness (Li et al. 2021a).

Convalescent plasma therapy

Clinical trials have used high-titer convalescent plasma 
from COVID-19 recovery patients to be transfused into 
elderly patients with a mild infection, then observed the 
relevant clinical indicators and efficacy, and found that the 
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administration of high-titer convalescent plasma early in the 
course of the disease can effectively prevent disease progres-
sion (Libster et al. 2021). However, the disadvantage is that 
this treatment is expensive and complex to operate.

Treatment with IL‑6 receptor inhibitors

Tocilizumab is an IL-6 receptor antagonist that binds to IL-6 
receptors on the cell surface, preventing the occurrence of 
cytokine storms and weakening the inflammatory response. 
In hospitalized patients with severe COVID-19 with hypoxia 
and systemic inflammation, the use of tocilizumab improves 
survival and reduces the probability of invasive mechanical 
ventilation (Group et al. 2021).

Traditional Chinese medicine treatment

Chinese medicine pays attention to the right medicine 
according to the condition and personal constitution. During 
the period of medical observation, it is recommended to take 
proprietary Chinese medicines: Jinhua Qinggan granules, 
wind and detoxification capsules (granules); in the clinical 
treatment period of confirmed cases, lung detoxification 
soup is suitable for mild, ordinary, and severe patients, and 
in critically ill patients, it should be used rationally accord-
ing to the actual situation of patients.

Clinical trials of MSCs and their derivatives

MSCs have been used clinically as a supportive treatment 
for patients with severe COVID-19, and as of May 20, 2023, 
16 trials exploring the potential of MSCs in treating patients 
with COVID-19 have been registered at the Chinese Clinical 
Trials Registry (http:// www. chictr. org. cn).

We found 9012 trials about COVID-19 registered on 
the International Clinical Trials Registry Platform (http:// 
Clini calTr ials. gov). These include more than 70 trials 
exploring the potential of MSCs and their derivatives to 
treat COVID-19 patients. In addition to China, countries 
such as the United States, Brazil, Spain, Indonesia, France, 
Mexico, Pakistan, Russia, Turkey, Canada, and Belgium are 
also actively conducting clinical trial studies on the sub-
ject. Table 1 Clinical trials of MSCs for COVID-19-related 
diseases.

Therapeutic effects of MSCs

The analysis of Table 1 found that most clinical trials used 
UC-MSCs as a source of MSCs, at doses of 1 ×  106 cells/kg, 
and administered intravenously, to explore safety and effi-
cacy in patients with COVID-19. This may be because intra-
venous administration is the most common, least invasive, 

and most reproducible method. The doses fall into the range 
of 0.5–3 ×  106 cells/kg, which overlaps with a group of MSC 
trials that reported efficacy for MSC for various indications. 
The article shows that the median dose for IV delivery is 100 
million MSCs/patient/dose. They found only four trials that 
reported dose–response data showing differences in efficacy 
for improving outcomes, suggesting a narrower MED range 
of 100–150 million MSCs/patient with lower and higher IV 
doses being less effective (Kabat et al. 2020).

Multiple clinical trials have shown that MSCs have 
good therapeutic potential. In February 2020, in a clinical 
study conducted by Leng et al. (ChiCTR2000029990), it 
was explored whether MSC transplantation improved the 
prognosis of 7 patients with COVID-19. The trial found that 
seven patients had significant improvements in lung func-
tion and symptoms within 2 days after transplantation of 
MSCs. TNF-α levels were significantly reduced in the MSC-
treated group compared to the control group, while IL-10 
levels were significantly elevated. The therapeutic potential 
of transplanted MSCs in improving lung function in patients 
with COVID-19 was confirmed (Leng et  al. 2020). An 
exploratory clinical trial of Li et al. (ChiCTR2000029606) 
showed that patients with severe and critical COVID-19 had 
significant improvements in dyspnea and oxygen saturation 
compared with the control group after receiving intrave-
nous transfusions of transvenous MSCs of menstrual blood 
sources (Xu et al. 2021). In the phase I clinical trial con-
ducted by Shu et al. (ChiCTR2000031494), it was found 
that the clinical improvement time of the UC-MSC treat-
ment group was significantly shorter than that of the con-
trol group, the incidence of critical progression in the treat-
ment group was 0, the mortality rate at 28 days was 0 in 
the treatment group, and the 28-day mortality rate in the 
control group was 10.34% (Shu et al. 2020). From the phase 
I clinical trial conducted by Meng et al. (NCT04252118), it 
was found that patients with severe COVID-19 decreased 
IL-6 levels within 3 days after UC-MSC infusion, and lung 
lesions were well controlled within 6 days and completely 
resolved within 2 weeks after infusion. In contrast, patients 
with severe illness with COVID-19 in the control group 
remained with lung lesions at the time of discharge (Meng 
et al. 2020); on this basis, the team conducted a phase II 
clinical trial (NCT04288102) and found that compared with 
the control group, the 6-min walk test (6-MWT) distance 
of patients treated with UC-MSCs increased, and the vol-
ume of total lung lesions improved significantly (Shi et al. 
2021a). In the phase II clinical trial conducted by Feng et al. 
(NCT04269525), there were no infusion-related or allergic 
reactions. The Oxygenation index was improved, and the CT 
scan improved. However, it is not indicated whether these 
two results are statistically significant (Feng et al. 2020). In 
a multicenter randomized double-blind trial conducted by 
Monsel et al. (NCT04333368),  PaO2/FiO2 changes between 

http://www.chictr.org.cn
http://ClinicalTrials.gov
http://ClinicalTrials.gov
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Table 1  Clinical trials of MSCs for COVID-19-related diseases

Clinical number Clinical phase Source of MSCs Injection route Dose Number of 
participants

Country Registration time

ChiCTR2000029990 I/II MSCs IV Single dose, 1 ×  106 
cells/kg

120 China 2020.02.18

ChiCTR2000031430 II UC-MSCs IV Triple dose, 4 ×  107 
cells/dose

200 China 2020.03.31

ChiCTR2000031494 I UC-MSCs IV Single dose, 2 ×  106 
cells/kg

36 China 2020.04.02

NCT04252118 I UC-MSCs IV Triple dose, 3 ×  107 
cells/dose

20 China 2020.02.05

NCT04269525 II UC-MSCs IV Quadruple dose, 
1 ×  108 cells/dose

16 China 2020.02.13

NCT04288102 II UC-MSCs IV Triple dose, 4 ×  107 
cells/dose

100 China 2020.02.28

NCT04333368 I/II UC-MSCs IV Triple dose, 1 ×  106 
cells/kg

47 France 2020.04.03

NCT04339660 I/II UC-MSCs IV Single dose, 1 ×  106 
cells/kg

30 China 2020.04.09

NCT04355728 I/II UC-MSCs IV Double dose, 
1 ×  108 cells/dose

24 United States 2020.04.21

NCT04371601 I UC-MSCs IV Quadruple dose, 
1 ×  106 cells/kg

60 China 2020.05.01

NCT04392778 I/II UC-MSCs IV Triple dose, 3 ×  106 
cells/kg

30 Turkey 2020.05.19

NCT04398303 I/II UC-MSCs IV Single dose, 1 ×  106 
cells/kg

70 United States 2020.05.21

NCT04400032 I UC-MSCs IV Triple dose, 
25/50/90 ×  106 
cells/dose

9 Canada 2020.05.22

NCT04416139 II Allogenic-UC-
MSCs

IV Single dose, 1 ×  106 
cells/kg

10 Mexico 2020.06.04

NCT04429763 II UC-MSCs IV Single dose, 1 ×  106 
cells/kg

30 United States 2020.06.12

NCT04437823 II UC-MSCs IV Triple dose, 5 ×  105 
cells/kg

20 Pakistan 2020.06.18

NCT04452097 I/II UC-MSCs IV Single dose, 
0.5/1/1.5 ×  106 
cells/kg

39 United States 2020.06.30

NCT04457609 I UC-MSCs IV Single dose, 1 ×  106 
cells/kg

40 Indonesia 2020.07.07

NCT04865107 II UC-MSCs IV Triple dose, 9 ×  107 
cells/dose

54 Canada 2021.04.29

NCT05132972 II/III UC-MSCs IV Triple dose, 1 ×  106 
cells/kg

42 Indonesia 2021.11.24

NCT05286255 I UC-MSCs IV Double dose, 
1.2–1.5 ×  106 
cells/kg

10 United States 2022.03.18

NCT05682586 III UC-MSCs IV Double dose, 
1 ×  106 cells/kg

60 China 2023.01.12

NCT05689008 III UC-MSCs IV Double dose, 
1 ×  106 cells/kg

60 China 2023.01.18

NCT04313322 I WJ-MSC IV Triple dose, 1 ×  106 
cells/kg

5 Jordan 2020.03.18

NCT04390152 I/II WJ-MSCs IV Double dose, 
5 ×  107 cells/dose

40 Colombia 2020.05.15

NCT04390139 I/II WJ-MSCs IV Double dose, 
1 ×  106 cells/kg

26 Spain 2020.05.15
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Table 1  (continued)

Clinical number Clinical phase Source of MSCs Injection route Dose Number of 
participants

Country Registration time

NCT04456361 I WJ-MSCs IV Single dose, 1 ×  108 
cells/dose

9 Mexico 2020.07.02

NCT04625738 II WJ-MSCs IV Triple dose, 
0.5/1 ×  106 cells/
kg

30 France 2020.11.12

NCT04869397 II WJ-MSCs IV Single dose, 1 ×  108 
cells/dose

19 Canada 2021.05.03

NCT04348435 II AD-MSCs IV Five times the 
dose0.5/1/2 ×  108 
cells/dose

53 United States 2020.04.16

NCT04352803 I AD-MSCs IV Single dose, 5 ×  105 
cells/kg

20 United States 2020.04.20

NCT04362189 II HB-adMSCs IV Quadruple dose, 
1 ×  108 cells/dose

48 United States 2020.04.24

NCT04366323 I/II Allogenic-AD-
MSCs

IV Double dose, 
8 ×  107 cells/dose

26 Spain 2020.04.28

NCT04428801 II AD-MSCs IV Triple dose, 2 ×  108 
cells/dose

200 United States 2020.06.11

NCT04611256 I AD-MSCs IV Double dose, 
1 ×  106 cells/kg

20 Mexico 2020.11.02

NCT05017298 II Allogenic-AD-
MSCs

IV Triple dose, 2 ×  108 
cells/dose

30 United States 2021.08.23

NCT04903327 II COVI-MSC IV Triple dose, 3 ×  107 
cells/dose

43 Brazil 2021.05.26

NCT04905836 II COVI-MSC IV Triple dose, 3 ×  107 
cells/dose

60 United States 2021.05.28

NCT04992247 II COVI-MSC IV Single dose/double 
dose/triple dose, 
3 ×  107 cells/dose

60 United States 2021.08.05

NCT04346368 I/II BM-MSCs IV Single dose, 1 ×  106 
cells/kg

20 China 2020.04.15

NCT04444271 II BM-MSCs IV Double dose, 
2 ×  106 cells/kg

20 Pakistan 2020.06.23

NCT04445454 I/II BM-MSCs IV Triple dose, 
1.5–3.0 ×  106 
cells/dose

20 Belgium 2020.06.24

NCT04447833 I BM-MSCs IV Single dose, 
1/2 ×  106 cells/kg

7 Sweden 2020.06.25

NCT05491681 I BM-MSCs IV Single dose, 
0.2/1/2 ×  108 
cells/dose

9 United States 2022.08.08

NCT04345601 I/II MSCs IV Double dose, 
1 ×  108 cells/kg

28 United States 2020.04.14

NCT04361942 II MSCs IV Single dose, 1 ×  106 
cells/kg

24 Spain 2020.04.24

NCT04466098 II MSCs IV Triple dose, 3 ×  108 
cells/dose

9 United States 2020.07.10

NCT04467047 I MSCs IV Single dose, 1 ×  106 
cells/kg

10 Brazil 2020.07.10

NCT04522986 I MSCs IV Quadruple dose, 
1 ×  108 cells/dose

6 Japan 2020.08.21

NCT04525378 I MSCs IV Single dose, 
2.5/5/10 ×  107 
cells/dose

20 Brazil 2020.08.25
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D0 and D7 did not differ significantly between the UC-MSC 
and placebo groups. Repeated UC-MSC infusions were not 
associated with serious adverse events during treatment or 
after that (until D28). Despite the lack of statistically sig-
nificant differences, UC-MSC-treated patients’ more tre-
mendous  PaO2/FiO2 ratio increase between D0 and D7, 
compared to placebo-infused controls might represent a 
signal warranting further investigation on a larger patient 
population (Monsel et al. 2022). In a double-blind, phase 
1/2a, randomized controlled trial conducted by Lanzoni 
et al. (NCT04355728), UC-MSC infusions in COVID-19 
ARDS were found to be safe. Inflammatory cytokines were 
significantly decreased in UC-MSC-treated subjects at day 
6. Treatment was associated with significantly improved 
patient survival (91% vs. 42%, P = 0.015), SAE-free sur-
vival (P = 0.008), and time to recovery (P = 0.03) (Lanzoni 
et al. 2021). In a prospective double-controlled trial con-
ducted by Adas et al. (NCT04392778), all the indicators of 
anti-inflammation, anti-fibrosis signs in the lungs, and levels 
of immunoregulatory markers were dramatically improved 
(Adas et al. 2021). In a randomized controlled trial con-
ducted by Dilogo et al. (NCT04457609), the length of stay in 
the intensive care unit and ventilator usage were not statisti-
cally significant, and no adverse events were reported. The 
application of infusion UC-MSCs significantly decreased 
interleukin 6 in the recovered patients (P = 0.023) (Dilogo 

et al. 2021). In the phase II/III clinical trial conducted by 
Soetjahjo et al. (NCT05132972), UC-MSCs led to a better 
recuperation in oxygenation index and oxygen saturation. 
Additionally, compared to the placebo group, the treatment 
group had a significantly smaller increase in PCT level 
at D + 22 (1.43 vs. 12.76, P = 0.011). No adverse effects, 
including serious ones, were recorded until D + 91 (Soet-
jahjo et al. 2023). In the phase I/II clinical trial conducted by 
Grégoire et al. (NCT04445454), MSC infusions were well 
tolerated, and no adverse effects related to MSC infusions 
were reported. Survival was significantly higher in the MSC 
group, both at 28 and 60 days (100% vs. 79.2%, P = 0.025 
and 100% vs. 70.8%, P = 0.0082, respectively) (Grégoire 
et al. 2022). In a randomized, double-blind, placebo-con-
trolled trial conducted by Karyana et al. (NCT04535856), 
there were no apparent differences in clinical characteris-
tics between study groups (TL, TH, and C) at baseline. All 
patients did not show the progression of severity during the 
study period (Karyana et al. 2022). In a randomized, dou-
ble-blind, single-center, efficacy, and safety study of allo-
geneic HB-adMSCs against COVID-19 (NCT04348435), 
results were first posted on November 17, 2022, and there 
were no serious adverse events (SAEs) reported during the 
study period. Primary outcome measures are the number 
of participants who were hospitalized due to COVID-19 
symptoms. However, the number of subjects hospitalized 

Table 1  (continued)

Clinical number Clinical phase Source of MSCs Injection route Dose Number of 
participants

Country Registration time

NCT04615429 II MSCs IV Single dose, 1 ×  106 
cells/kg

20 Spain 2020.11.04

NCT04302519 I HDP-MSCs IV Triple dose, 1 ×  106 
cells/kg

24 China 2020.03.10

NCT04336254 I/II HDP-MSCs IV Triple dose, 3 ×  107 
cells/dose

20 China 2020.04.07

NCT04315987 II NestaCell® IV Quadruple dose, 
2 ×  107 cells/dose

90 Brazil 2020.03.20

NCT04331613 I/II CAstem IV Single dose, 
3/5/10 ×  106 cells/
kg

9 China 2020.04.02

NCT04371393 III Remestemcel-L IV Double dose, 
2 ×  106 cells/kg

223 United States 2020.05.01

NCT04399889 I/II hCT-MSCs IV Triple dose, 1 ×  106 
cells/kg

12 United States 2020.05.22

NCT04494386 I/II ULSC IV Single dose/double 
dose, 1 ×  108 
cells/dose

17 United States 2020.07.31

NCT04535856 I DW-MSC IV Single dose, 
5 ×  107/ 1 ×  108 
cells/dose

9 Indonesia 2020.09.02

NCT04537351 I Cymerus-MSCs IV Double dose, 
2 ×  106 cells/kg

14 Australia 2020.09.03

NCT05122234 III secretome- MSCs IV Single dose, 15 ml 40 Indonesia 2021.11.16
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due to COVID-19 symptoms during the study was 0 in 
both the experimental and placebo groups. Sadeghi et al. 
used placenta-derived decidua stromal cells (DSCs) to treat 
COVID-19 patients. DSCs were administered 1–2 times at 
a dose of 1 ×  106/kg. The trial found that after DSC infusion, 
pulmonary infiltrates disappeared in all patients, and IL-6 
levels were significantly reduced (Sadeghi et al. 2021). We 
believe that further research is needed on the effects of MSC 
in people with COVID-19, including the need for controlled 
randomized trials. These clinical trials have demonstrated 
that transplantation of MSCs by intravenous infusion is an 
effective approach that can be considered as a potential treat-
ment option for treating patients with COVID-19.

Limitations of using current adult tissue–derived MSCs

The treatment effect using MSCs from bone marrow, adi-
pose tissue, umbilical cord tissue, etc., has been inconsistent. 
MSC derived from different tissue donors makes it hard to 
keep quality consistency.

A rigorous quality control system reduces batch-to-batch 
variability, including secretome, allowing MSCs to maintain 
consistent quality. MSCs derived from induced pluripotent 
stem cells (iPSC-MSCs) have recently been established to 
induce targeted differentiation of pluripotent stem cells to 
MSCs by employing clinically compliant protocols, chemi-
cally defined media, feeder-free conditions, and CD105-pos-
itive and CD24-negative selection and proposed that it can 
be used as an alternative to reduce batch-to-batch variation 
of MSC products (Lian et al. 2016).

Aging and aging-related disorders impair the survival 
and differentiation potential of BM-MSCs and limit their 
therapeutic efficacy (Roobrouck et al. 2008; Xin et al. 2010). 
iPSCs have the ability to differentiate and proliferate indefi-
nitely in multiple lineages. Compared with adult BM-MSCs, 
iPSC-MSCs have a higher proliferative capacity, are highly 
expandable up to 40 passages (120 population doublings) 
without obvious loss of self-renewal capacity, and constitu-
tively express surface antigens of multipotent MSCs (Lian 
et al. 2010). iPSC-MSCs have many applications, including 
large-scale cell population expansion for tissue engineer-
ing and cell therapy development. At present, iPSC-MSCs 
have been used to treat severe hindlimb ischemia and heart 
failure in mice and have achieved good therapeutic results 
(Lian et al. 2010; Liao et al. 2019). Engineered iPSC-MSCs 
transfected with glutathione peroxidase 3 (GPx3) have also 
significantly inhibited liver aging and reduced liver trans-
plantation injury in mice (Qi et al. 2018). In addition, GMP-
grade iPSC-MSCs (CYP-001) have been used in clinical 
trials for steroid-resistant acute graft-versus-host disease 
(SR-aGvHD), the first full human clinical trial report using 
iPSC-derived cells to treat disease to evaluate the safety, 
tolerability, and efficacy of CYP-001. The study found no 

serious adverse events associated with CYP-001, indicating 
that it was safe and well tolerated, and the 100-day survival 
rate was 87.5% (low dose) and 85.7% (high dose), demon-
strating that CYP-001 has some therapeutic effect on steroid-
resistant acute graft-versus-host disease (Bloor et al. 2020).

Therapeutic effect of MSC‑Exo

MSC-Exo has similar biological functions to MSCs, and in 
addition, MSC-Exo also has the advantages of non-toxicity, 
low immunogenicity, high stability, easy storage, etc., mak-
ing them widely used as an alternative to MSCs in the clinic 
(Jafari et al. 2019; Joo et al. 2020).

It is well recognized to measure the concentration of 
MSC-exosomes using nanoparticle tracking analysis (NTA). 
Some experimental articles have mentioned that they use 
NTA to measure the concentration of MSC-exosomes (Hu 
et al. 2021b; Shi et al. 2021c; Yu et al. 2020). Of the seven 
trials using MSC-exosomes listed in Table 2, four had an 
infusion/inhalation dose of  109, two at an infusion/inhala-
tion dose of  108, and one at an inhalation dose of  1010. The 
doses varied widely from  108 to 2 ×  1010, perhaps because 
of different sources of MSC-exosomes, different ways of 
use, and different stages of disease that may lead to different 
doses. In addition, since there are few clinical trials on MSC-
exosomes for the treatment of COVID-19, we may need to 
determine what the optimal dose is from a larger dose range.

In clinical trials for the treatment of COVID-19 patients, 
intravenous infusion and aerosol inhalation are often used to 
transplant MSC-Exo. A pilot clinical study (NCT04276987) 
in the inhalation of allogeneic adipose-derived MSC-Exo 
(AD-MSC-Exo) in the treatment of patients with severe 
COVID-19 found that MSC-Exo has the potential to cure 
patients with severe COVID-19. A clinical trial using MSC-
Exo nebulized inhalation for the treatment of COVID-19 
(ChiCTR2000030261) found that MSC-Exo has the potential 
to inhibit inflammatory factors, enhance the body’s immu-
nity, and promote the early recovery of COVID-19 patients 
and reduce complications by atomizing into the lungs and 
directly contacting the lesion. A clinical trial evaluating 
the safety and efficacy of stem cell exosome inhalation in 
SARS-CoV-2-associated pneumonia (NCT04491240) found 
a significant decrease in serum CRP levels in patients after 
inhalation of exosomes.

Security assessment

An exploratory clinical trial conducted by Li et  al. 
(ChiCTR2000029606) found that adverse reactions asso-
ciated with clinical indicators after receiving intravenous 
infusions of MSCs of menstrual blood sources, including 
blood test results, liver function indicators, renal function, 
blood lipid level, and myocardial enzyme level were not 
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significantly different from the control group (P > 0.05) 
(Xu et al. 2021).

In a previous phase I clinical trial (NCT04252118), 
researchers found that patients with severe COVID-19 
had no serious adverse events after intravenous infusion 
of UC-MSCs, demonstrating that UC-MSCs by intrave-
nous infusion were safe and well tolerated (Meng et al. 
2020). A randomized, double-blind, placebo-controlled 
phase II clinical trial (NCT04288102) based on this basis 
also evaluated the safety and efficacy of intravenous infu-
sion of UC-MSCs in patients with COVID-19 lung injury 

and found that the use of UC-MSCs was safe and had a 
tendency to improve overall lung damage in patients (Shi 
et al. 2021a).

From a clinical trial of the safety and efficacy of BM-MSC-
derived exosomes (ExoFlo™) in the treatment of patients 
with severe COVID-19 conducted by the Grossman School 
of Medicine of New York University, no adverse events were 
observed within 72 h of receiving ExoFlo intravenous infusion, 
demonstrating the safety of stem cell exosomes in humans 
(Sengupta et al. 2020).

Table 2  Clinical trials of MSC-Exo for COVID-19-related diseases

Clinical number Clinical phase MSC-Exo type Injection route Dose Number of 
participants

Country Registration time

NCT04276987 I AD-MSC-
exosomes

Aerosol inhalation Five times the 
dose, 2 ×  108 
cells/dose

24 China 2020.02.19

NCT04366063 II/III MSCs and MSC-
EVs

IV Double dose, 
1 ×  108 cells/dose 
MSCs; double 
dose, 1 ×  108 
cells/dose MSCs, 
and double dose, 
1 ×  108 cells/dose 
MSC-EVs

60 Iran 2020.04.28

NCT04491240 I/II EXO 1/EXO 2 Aerosol inhalation Twenty times 
the dose, 
0.5–2 ×  1010 
cells/dose

30 Russia 2020.07.29

NCT04798716 I/II MSC-exosomes IV Triple dose, 
2/4/8 ×  109 cells/
dose

(1) MSC-exosomes 
delivered intra-
venously every 
other day on an 
escalating dose: 
(2:4:8)

(2) MSC-exosomes 
delivered intra-
venously every 
other day on an 
escalating dose: 
(8:4:8)

(3) MSC-exosomes 
delivered intra-
venously every 
other day (8:4:8)

55 United States 2021.03.15

NCT05116761 I/II BM-MSC-EVs IV 15 ml, 7 ×  107/ml 60 United States 2021.11.11
NCT05787288 I UC-MSC-EVs Nebulization inha-

lation
5 ml, 1 ×  109/ml 

twice a day for 
5 days

240 China 2023.03.28

NCT05808400 I UC-MSC-EVs Nebulization inha-
lation

5 ml, 1 ×  109/ml 80 China 2023.04.11
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Potential mechanisms of MSCs in the treatment 
of COVID‑19

The homing capability of MSCs

MSCs can be homebound to the site of injury after intra-
venous infusion, and the homing of MSCs is regulated by 
platelet-derived growth factor (PDGF) or insulin-like growth 
factor-1 (IGF-1) and chemokines such as CCR2, CCR3, 
CCR4, or CCL5 (Yagi et al. 2010). In addition, IL-8 can 
also induce the migration of MSCs to the injured area (Bi 
et al. 2014).

Some researchers have found that MSCs can differenti-
ate into type II alveolar epithelial cells through typical Wnt 
pathways and atypical Wnt pathways (Liu et al. 2013, 2014). 
Differentiation of MSCs into epithelial type II cells may 
partially restore the stem cell pool, leading to increased gen-
esis of alveolar cells for the resolution of disrupted alveo-
lar surfaces, thereby augmenting the repair process (Ortiz 
et al. 2003). Type I alveolar epithelial cells have no ability 
to divide and are supplemented by type II alveolar epithelial 
cell proliferation and differentiation after injury (Chen et al. 
2020a). Therefore, after infection with COVID-19, trans-
planted MSCs may first differentiate into type II alveolar 
epithelial cells and then differentiate into type I alveolar 
epithelial cells by type II alveolar epithelial cells, thereby 
reducing lung damage.

So one of the mechanisms by which MSCs are trans-
planted to treat COVID-19 patients may be due to inflam-
mation of the patient’s lungs triggering the homing of trans-
planted MSCs in the lungs. Homing MSCs can differentiate 
into alveolar cells, alleviating lung damage caused by apop-
tosis of alveolar cells and thereby improving lung function. 
In addition, researchers have found that the Wnt/β-catenin 
signaling pathway plays an important role in the differen-
tiation of MSCs into alveolar epithelial cells, and blocking 
the Wnt/β-catenin signaling pathway may promote the dif-
ferentiation of MSCs into alveolar epithelial cells (Shi et al. 
2015).

Paracrine function of MSCs

Due to the small number of exogenous MSCs migrating to 
the lesion and the smaller number of differentiated into dam-
aged tissue, the paracrine function of MSCs may play a more 
important role in promoting damaged tissue repair. Stimu-
lated by inflammatory factors (e.g., TNF-α), MSCs can bal-
ance pro-inflammatory and anti-inflammatory responses by 
secreting immunomodulatory cytokines such as indoleamine 
2,3-dioxygenase (IDO), prostaglandin E2 (PGE2), IL-6, and 
IL-10 (Shi et al. 2018; Ullah et al. 2015).

When a patient with COVID-19 exhibits symptoms of 
pulmonary fibrosis, the pulmonary capillaries are invaded 

and destroyed by fibrous tissue, which can affect breathing. 
After transplantation, MSCs can express and produce vas-
cular endothelial growth factor (VEGF), hepatocyte growth 
factor (HGF), monocyte chemotactic-1 (MCP-1), stromal 
cell–derived factor 1 (SDF-1), etc., to rebuild the vascular  
network (Kinnaird et  al. 2004a, b; Liang et  al. 2014a;  
Reiter et al. 2017).

However, MSCs are vulnerable under stressful envi-
ronments. Studies have found that hypoxia can affect the 
paracrine function of MSCs. Compared with normoxia, 
the concentrations of pro-inflammatory cytokines IL-6, 
TNF-α, and MCP-1 in BM-MSCs were increased under 
hypoxic conditions, which was not conducive to cardiac 
repair treatment after myocardial infarction (Zhang et al. 
2015). Hypoxic conditions can also cause apoptosis of BM-
MSCs, and this type of apoptosis is more prevalent in aged 
BM-MSCs (Yang et al. 2018; Zhang et al. 2014). Com-
pared with BM-MSCs, the ratio of phosphorylated NF-κB 
to NF-κB-p65 of  Rap1−/−-BM-MSCs obtained by knocking 
out Rap1 (a telomeric repeat-binding factor 2-interacting 
protein 1, Terf2IP) with shRap1 was significantly reduced, 
the ratio of Bax to Bcl-2 was significantly reduced, and 
the terminal deoxynucleotidyl transferase–mediated dUTP 
notched end labeling (TUNEL) experiment showed that 
 Rap1−/−-BM-MSCs had enhanced resistance to hypoxia-
induced apoptosis (Zhang et al. 2015). Nonetheless, in the 
context of allogeneic heart transplantation which arouses a 
violent immune response, Rap1 expression is irreplaceable 
for MSCs to execute immune-suppressive functions. In vitro, 
deletion of Rap1 in MSCs leads to paracrine insufficiency: 
both pro- and anti-inflammatory cytokines are downregu-
lated. In vivo, transplantation of encapsulated WT-MSCs 
more effectively prolongs the survival of the allogeneic 
heart than  Rap1−/−-MSCs (Ding et al. 2018). The paradoxi-
cal effect of Rap1 may be due to MSCs being exposed to 
different environments in myocardial infarction and heart 
transplantation.

The functional and regenerative capacities of MSCs 
decline with senescence. Compared with MSCs isolated 
from young donors, those derived from aged donors showed 
a lower level of fibroblast growth factor 21 (FGF21) and 
a higher level of senescent activity. The study found that 
FGF21 can mediate MSC aging by regulating mitochon-
drial dynamics and ROS production. Overexpression of 
FGF21 in aged MSCs can delay cellular aging, and target-
ing FGF21 may be a new strategy to improve the quality 
and quantity of MSCs (Li et al. 2019). In addition, Erb-
B2 receptor tyrosine kinase 4 (ERBB4) in aged MSCs was 
significantly reduced compared to young MSCs, suggesting 
that ERBB4 may be involved in regulating cellular senes-
cence. ERBB4 overexpression significantly protects aged 
MSCs from  H2O2-induced apoptosis, better preservation of 
telomere length, and increased telomerase activity. In mouse 
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myocardial infarction models, transplantation of aged MSCs 
overexpressing ERBB4 contributed to the recovery of myo-
cardial function (Liang et al. 2019). It can be seen that reju-
venating aging MSCs by overexpressing FGF21 and ERBB4 
may be a new therapeutic strategy.

Immunomodulatory capacity of MSCs

The immunomodulatory function of MSCs is mainly exerted 
through cell-to-cell contact (e.g., interactions with T cells, 
B cells, NK cells, macrophages, monocytes, dendritic cells 
(DCs), and neutrophils) and paracrine effects (Lu et al. 
2022; Song et al. 2020; Weiss and Dahlke 2019; Zhou et al. 
2019). MSCs can downregulate the secretion of TNF-α 
and interferon-γ (IFN-γ) by T cells, upregulate IL-4 secre-
tion, and promote the transformation of cells from a pro- 
inflammatory state to an anti-inflammatory state. It can also 
inhibit abnormally activated Th1 and Th17 differentiation, 
induce regulatory T-cell (Tregs) expansion and differentia-
tion, and restore the Th1/Th2 ratio balance, thereby improving  
immune status (Uccelli and de Rosbo 2015). MSCs can 
inhibit the excessive proliferation of B cells, downregulate 
transcription factor expression, prevent their differentiation 
to plasma cells, and reduce the level of immunoglobulin 
secretion, while inhibiting B-cell chemotaxis to lymph nodes 
(Che et al. 2012). MSCs can also inhibit the proliferation 
of inflammatory cytokine–stimulated NK cells by secreting 
human leukocyte antigen-G5 (HLA-G5) and transforming 
growth factor-β (TGF-β) (Najar et al. 2018).

Studies have found that in environments with high levels 
of pro-inflammatory factors, MSCs exhibit immunosup-
pressive effects, while in settings with low levels of pro-
inflammatory factors, MSCs can exacerbate the inflamma-
tory response (Li et al. 2012). SARS-CoV-2 may trigger 
a cytokine storm after invading the human body. After 
intravenous infusion of MSCs in patients with COVID-19, 
MSCs can regulate innate immune activity by secreting IDO, 
interleukin-1 receptor antagonist (IL-1RA), IL-6, HGF, and 
PGE2 to induce monocyte differentiation into M2-like mac-
rophages, thereby reducing inflammation (Lu et al. 2022; 
Shi et al. 2018).

NK cells are the primary effector cells of innate immunity 
and play an important role in the antiviral response (Biron 
et al. 1999). When NK cells are co-cultured with MSCs, 
MSCs have a significant inhibitory effect on the prolifera-
tion of NK cells, while blocking the expression of IDO and 
PGE2 can almost completely restore the proliferation of 
NK cells (Spaggiari et al. 2008). After transplantation of 
MSCs in patients with severe COVID-19, MSCs may inhibit 
NK cell proliferation by expressing IDOs and PGE2 in the 
lungs, exerting immunosuppressive effects and alleviating 
excessive immune responses caused by the emergence of 
the body’s own cytokine storm Fig. 1.

Mechanisms of MSC‑Exo in the treatment 
of COVID‑19

MSC-Exo has different mechanisms for treating patients 
with COVID-19 than MSCs. MSC-Exo prevents cytokine 
storms caused by excessive immune responses and pro-
motes endogenous repair of damaged lungs (Hosseini et al. 
2022).

MSC‑Exo inhibits the high activity of complement 
and neutrophils

The body’s innate immune system is the first line of defense 
against viral invasion, and complements and neutrophils are 
important components of the innate immune system. Com-
plement can directly or indirectly clear the virus by forming 
a membrane attack complex (MAC) C5b-9 and recruiting 
other white blood cells (Dunkelberger and Song 2010; Reis 
et al. 2019).

The nucleocapsid (nucleocapsid, N) protein of SARS-
CoV-2 activates the complement system through MBL-
associated serine protease 2 (MASP-2); however, overac-
tivation of the complement can lead to endothelial damage 
and hypercoagulable states, worsening lung damage (Gao 
et al. 2020). Autopsies of patients with severe COVID-19 
found that a large number of complement component (C3, 
C4, C5, MASP-2) deposits were seen in the patient’s lungs 
(Diao et al. 2021; Magro et al. 2020). Activated comple-
ments are potent chemotactic agents for neutrophils, and the 
activation complex C5b-9 through the complement termi-
nal drives neutrophils to release Net and IL-17, which can 
lead to a highly inflammatory immune response in patients 
with severe COVID-19 (Loh et al. 2022; Price et al. 2015; 
Vandendriessche et al. 2021). MSC-Exo inhibits the forma-
tion of C5b-9 by expressing CD59 (Lai et al. 2013), thereby 
inhibiting complement-mediated neutrophil activation, 
inhibiting the amplification and persistence of inflamma-
tion during SARS-CoV-2 infection, reducing inflammation 
levels, and enabling patients with COVID-19 to obtain a 
good prognosis (Loh et al. 2022).

Antiviral activity of MSC‑Exo

MSC-Exo has natural antiviral activity and is determined by 
endogenous substances mRNA and miRNA (Popowski et al. 
2021; Qian et al. 2016). Harrell et al. found that several miR-
NAs (let-7f, miR-145, miR-199a, and miR-221) contained in 
UC-MSC-Exo can bind to hepatitis C virus RNA, prevent-
ing viral replication. In addition, UC-MSC-Exo has a syn-
ergistic effect when used in combination with interferon-α, 
significantly inhibiting hepatitis C virus replication, so it is 
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considered a novel adjunctive treatment drug for the treat-
ment of hepatitis C patients (Qian et al. 2016).

Khatri et al. found that intratracheal injection of MSC-
Exo 12 h after influenza virus induction of acute lung injury 
in pigs can inhibit the replication of influenza virus and 
virus-induced apoptosis of lung epithelial cells and allevi-
ate virus-induced pig lung lesions. It was revealed that this 
antiviral ability is manifested by the transport of mRNA and 
miRNAs in MSC-Exo to lung epithelial cells (Khatri et al. 
2018) Fig. 2.

Long‑term efficacy of MSCs on COVID‑19

Shi et al. found that in a 1-year follow-up study of patients 
with severe COVID-19 treated with UC-MSCs after dis-
charge, none of the COVID-19 patients in the placebo group 
showed that the patient’s lungs were completely normal, and 
there were still some lesions in their lungs 1 year after recov-
ery and discharge. In the UC-MSC treatment group, 17.9% 
of patients had normal lung CT images. From a 6-min walk-
ing distance (6-MWD) trial that examined the recovery of 

lung function and comprehensive reserve capacity in both 
groups, patients in the UC-MSC group had an increase in 
the value of the 6-MWD at each follow-up node compared 
with the placebo group (Shi et al. 2022). This may be related 
to the improvement of lung damage and the restoration of 
lung reserve capacity after the administration of UC-MSCs. 
This is the world’s first and most participatory long-term 
follow-up study of a clinical trial of MSCs for the treatment 
of patients with severe COVID-19, suggesting that treating 
patients with COVID-19 with MSCs may weaken and cure 
the sequelae after discharge compared with other conven-
tional treatments.

Preprocessing of MSCs

In recent years, some researchers have tried to pretreat MSCs 
in vitro before transplantation, including genetic modifica-
tion, hypoxia, and drug treatment (Hu et al. 2020; Li et al. 
2021b; Zhao et al. 2019). This article mainly introduces the 
method of genetic modification of MSCs. Among them, the 

Fig. 1  Therapeutic role after intravenous infusion of MSCs in 
patients with COVID-19. The mechanism of MSCs in the treatment 
of lung injury caused by COVID-19 may be due to (1) MSCs being 
able to return to the lungs after transplantation and differentiate into 
alveolar epithelial cells to alleviate lung damage caused by apoptosis 
of alveolar epithelial cells. (2) MSCs can rebuild the damaged vas-
cular network of the lungs by secreting VEGF and HGF. (3) MSCs 

can also induce the differentiation of monocytes into M2-like mac-
rophages by secreting immune regulatory factors such as IDO, IL-
1RA, IL-6, HGF, and PGE2 to reduce inflammation, inhibit NK cell 
proliferation by expressing IDO and PGE2, exert immunosuppressive 
effects, and reduce excessive immune responses caused by the body’s 
own cytokine storm. Created with Figdraw.
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selection of the gene of interest is crucial to improving the 
therapeutic effect of MSCs.

Bone morphogenesis protein 2 (BMP-2) is one of the 
important factors in determining the directional differentia-
tion of MSCs into osteoclasts, and the modification of MSCs 
by genetic modification methods to overexpress BMP-2 can 
promote bone regeneration, which can be used to treat dis-
eases such as fractures and necrosis of the femoral head (He 
et al. 2013; Salazar et al. 2016; Tai et al. 2008). In addition,  
the CXCL12/CXCR4 axis plays an important role in the 
homing of MSCs to damaged bones (Lapidot and Kollet  
2002), and Lien et al. found that modified CXCR4-MSCs 
have higher retention and homing capacity in the bone mar-
row than unmodified MSCs, suggesting that it is feasible 
to enhance the homing capacity of MSCs through genetic 
modification (Lien et al. 2009).

Antonitsis et al. found that MSCs can differentiate into 
cardiac lineage cells after treatment with 5-azacitidine, with 
the potential to treat cardiovascular disease (Antonitsis et al. 
2008). Although pilot clinical trials using MSCs for the treat-
ment of myocardial infarction have achieved good results (Gao 

et al. 2015), MSCs still have the disadvantages of poor reten-
tion and easy apoptosis. Caspase8 (Cas8) is closely related 
to apoptosis, and Liang et al. found that down-regulating the 
Cas8 gene through RNA interference can significantly improve 
the survival rate of MSCs and enhance the effect of MSCs 
in the treatment of myocardial infarction in rats (Liang et al. 
2014b).

The exact mechanism by which genetically modified MSCs 
function in patients is unclear, including the number of modi-
fied MSCs that can differentiate into lung epithelial cells, 
biological distribution, and the survival time of differenti-
ated cells. Until mechanism-related questions are answered, 
clinical trials of these genetically modified MSCs cannot be 
conducted. Therefore, there are no trials to improve the effec-
tiveness of MSCs in the treatment of new crown pneumonia 
patients by genetically modifying MSCs, but the induction of 
MSCs into the lungs after injury by genetic modification may 
enhance the effect of MSCs in the treatment of lung injury in 
patients with COVID-19 to some extent, but this requires a 
series of clinical trials to prove.

Fig. 2  Therapeutic effects of MSC-Exo on COVID-19. The nucle-
ocapsid protein of SARS-CoV-2 is able to activate the complement 
system through MASP-2; however, overactivation of complement 
can lead to endothelial cell damage. The mechanism by which MSC-
Exo treats lung injury due to COVID-19. (1) MSC-Exo can inhibit 

complement-mediated neutrophil activation and reduce inflammation 
levels by expressing CD59. (2) MSC-Exo’s miRNAs can bind to the 
RNA of the SARS-CoV-2 virus, preventing the virus from replicat-
ing. Created with Figdraw.
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Conclusion

Serious adverse reactions associated with MSC and MSC-
Exo transplantation have not occurred in clinical trials 
of MSCs or MSC-Exo in the treatment of patients with 
COVID-19. Some of the clinical trials listed in Tables 1 
and 2 have been completed, and the results have found 
that MSCs and MSC-Exo have a better effect on the treat-
ment of COVID-19, which can reduce mortality in patients 
with severe COVID-19, improve lung function in patients, 
and reduce symptoms of dyspnea (ChiCTR2000031494, 
ChiCTR2000029990, NCT04252118, etc.). In terms of clini-
cal safety and efficacy, MSCs and MSC-Exo meet the basic 
requirements of large-scale promotion and are feasible.

The first major challenge for MSCs and MSC-Exo to treat 
COVID-19 is the selection of standardized product produc-
tion and clinical application protocols for MSCs and MSC-
Exo. A large number of clinical-grade MSCs and MSC-Exo 
are required by patients, but their preparation is difficult and 
cumbersome, making them expensive. The standardization 
of MSCs or MSC-Exo clinical application regimens may 
also directly affect treatment effectiveness. The therapeutic 
properties of MSCs derived from different tissues, such as 
immunomodulatory and differentiation capacity, may differ. 
Therefore, it is necessary to screen the optimal plan from a 
large number of clinical trials, including the source, type, 
dosing regimen (including dose, interval, and number of 
cycles), and route of administration of transplanted MSCs. 
The second challenge is the purification of MSC and MSC-
Exo products. This can be achieved using affinity purifica-
tion of antibodies against MSC or MSC-Exo surface mark-
ers to obtain a purer, uniform product. The third challenge 
is the need for randomized controlled trials with long-term 
follow-ups to confirm the effectiveness of treatments with 
MSCs or MSC-Exo. It is believed that with the maturity of 
the technology of relevant biological product companies and 
the development of a large number of clinical trials, these 
challenges will be overcome one by one.
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